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Abstract In dioecious plants, females often incur greater
reproductive costs than males due to seed production. This
unequal reproductive cost can cause differences in the re-
source acquisition traits and the spatial segregation of the
sexes. To evaluate how females compensate for the cost of
reproduction, the differences in these traits between sexes
were investigated in a dioecious tree, Salix sachalinensis,
which is common in riverside forests. Females tend to in-
habit the area near channel of rivers and streams and seem
to be found at a lower ground level than males, indicating
spatial segregation of the sexes. In the early growing season,
females produced a greater number of vegetative shoots
compared with reproductive shoots. In males the reverse
was true, suggesting that females invest greater amounts
of resources in photosynthetic organs than in reproductive
organs at that time of the year. Females shed a greater
number of vegetative shoots than males did during the
growing season. In females, the shorter lifespan of vegeta-
tive shoots could enhance photosynthesis by placing new
shoots in favorable light conditions. Both leaf weight ratio
and leaf area ratio of vegetative shoots, and nitrogen con-
tent of the leaves, were found to be larger in females than
males, but there was little difference in specific leaf area
between the sexes. In females, shoot structure, phenology
and physiology may compensate for their greater reproduc-
tive costs. Inhabiting wetter sites could result in a greater
advantage to females than males, because such resources
facilitate the photosynthetic capacity in females.
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Introduction
In dioecious plants, substantial differences in the demand
for resources are usually observed between females and
males, probably due to differences in reproductive costs
(Lloyd and Webb 1977). Males invest resources only in
flowers for a short period (flowering time only), while fe-
males invest resources not only in flowers but also in fruits,
and the investment in reproduction occurs for a longer
period during fruit maturation. Thus, females generally in-
cur greater reproductive costs than males do (Gross and
Soule 1981; Lovett-Doust and Lovett-Doust 1988; Kohorn
1994; Obeso 1997; Antos and Allen 1999; Nicotra 1999). To
compensate for the large reproductive costs, females have
developed phenological, physiological, and morphological
functions of light acquisition to increase the net carbon gain.
Several studies have shown that females allocate more bio-
mass to vegetative structure during the early flowering
period (Gross and Soule 1981) and have a higher rate of net
assimilation than do males in conditions of abundant light
and water (Dawson and Bliss 1989; Dawson and Ehleringer
1993). Thus, the canopy architecture and the leaf display are
more important to adjust in females than in males (Wallace
and Rundel 1979; Kohorn 1994). In dioecious plants, spatial
segregation of the sexes has been observed along environ-
mental gradients (Freeman et al. 1976; Falinski 1980; Cox
1981; Bierzychudek and Eckhart 1988). The spatial segrega-
tion is a device for the prevention of intersexual competi-
tion (Freeman et al. 1976; Cox 1981; Wade et al. 1981; but
see Putwain and Harper 1972). However, the evidence
currently available indicates that spatial segregation of the
sexes is advantageous if male and female fitness respond
differently across environments. It is also indicated that
females are usually more abundant in resource-rich habitats
(see Bierzychudek and Eckhart 1988), probably due to
lower mortality than in resource-poor habitats (Freeman et
al. 1976; Charnov 1982). If the demand for resources differs
between females and males, this difference can be respon-
sible for spatial segregation occurring between sexes. In
dioecious plants, however, few studies have been conducted
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to reveal the linkage among spatial segregation of the sexes,
resource availability of the habitats, and resource acquiring
behavior of the sexes (but see Dawson and Bliss 1989;
Dawson and Ehleringer 1993). To explore the linkage, the
above three traits were concurrently documented for a dio-
ecious species, Salix sachalinensis Fr. Schm., in a riverside
forest.
In S. sachalinensis, current-year shoots attached to 1-
year-old shoots can be classified into two types, vegetative
and reproductive shoots (catkins). The biomass allocation
of females and males is estimated as the ratio of the num-
ber of reproductive shoots to vegetative shoots. In S.
sachalinensis, more than half of the vegetative shoots pro-
duced in the spring are usually shed by the end of the
growing season, showing seasonal changes in relative bio-
mass allocation to vegetative shoots on 1-year-old shoots
(K. Seiwa et al., unpublished data). Thus, to evaluate the
differences between the sexes as to their reproductive allo-
cations and the relative investment in resource acquiring
organs (vegetative shoots), a demographic census of the
shoots was conducted.
In this study, we investigated the differences between the
sexes of S. sachalinensis as to spatial segregation, biomass
allocation, and seasonal change in the number of current-
year shoots (vegetative vs reproductive shoots) on 1-year-
old shoots and growth performance of current-year shoots.
This study addressed the following questions: (1) Is there
spatial segregation between sexes? (2) Are there differ-
ences in resource acquisition behavior and efficiency be-
tween sexes? And, if so, (3) how do these differences
between sexes influence the reproductive effort of each sex?
Materials and methods
Study species
Salix sachalinensis Fr. Schm. is a deciduous, broad-leaved
tree common in riparian forests of cool temperate regions
of northern Japan. Both reproductive and vegetative shoots
flush simultaneously in the spring. It takes approximately 2
weeks for the seeds to mature after the 2-week flowering
period. Since the total weight of reproductive shoots on
a 1-year-old shoot of females at the seed maturing period
was approximately twice as great as those of males at the
flowering period (N. Ueno and K. Seiwa, unpublished
data), females would incur greater reproductive costs than
males on the 1-year-old shoot level. The seeds are wind-
dispersed. In Salicaceae, it is likely that sex is determined by
heteromorphic sex chromosomes (Heslop-Harrison 1924;
Westergaard 1958) or governed by multiple independent
loci (Alström-Rapaport et al. 1997, 1998).
Study area
This study was conducted in a riparian forest along the
Ikusazawa River, which is a tributary of the Eai River in
Miyagi Prefecture, northeast Japan (140°45E, 38°20N,
400m a.s.l.). The study site was along the right side of the
river and encompassed a long (210m), narrow (10–60m)
stand (approximately 0.65 ha) consisting of five species of
Salix. At the study site, the river channel, about 5m in
width, loosely curves to the left and the mean channel slope
is about 17.5‰. Analysis of annual tree rings showed that
trees at the study site were 20–30 years old. No large distur-
bances had occurred from 1970 to 1999 according to the
analyses of an aerial photograph taken in 1970 and the field
observations.
At the study site, Salix sachalinensis (2970 trees ha1,
height 30cm) and S. integra Thumb. (3012 trees ha1)
predominated. S. subfragilis Anders. (371 trees ha1), S.
jessoensis Seemen (88 trees ha1) and S. hukaoana Kimura
(131 trees ha1) were also present. Multiple stems origi-
nated from single stumps were defined as an individual
tree. Acer mono Maxim., Magnolia obovata Thumb., and
Aesculus turbinata Blume occurred in the uplands. Tree
height usually increased from the vicinity of the channel
(approximately 5m) to the uplands (approximately 12m).
Spatial distribution pattern of each sex
At the study site, all flowering individuals of S. sachalinensis
were mapped, and their sexes and diameter at breast height
(DBH) were recorded in 1999. To estimate the spatial seg-
regation of the sexes along the resource (water) gradient,
the distance from the nearest edge of the channel to each
individual was measured. We also measured the ground
height, which was defined as the height from the surface of
water at the nearest edge of the channel to the ground
surface at the stem.
Seasonal changes in the number of reproductive and
vegetative shoots
To detect the differences between the sexes in shoot types
(vegetative vs reproductive shoots), seasonal changes in the
number of vegetative and reproductive current-year shoots
were investigated in both 1999 and 2000. In 1999, seven
trees, approximately 3–5 m in height, were chosen for each
sex at the study site. Seven or eight 1-year-old shoots were
chosen from each of trees. The 1-year-old shoots were
chosen in an area of abundant light within the crowns. Since
there were no suitable female trees for measurement in the
upland area, female trees were chosen at the streamside,
whereas male trees were chosen at both the streamside and
in the upland habitat in 1999. Measurements were con-
ducted every 2 or 3 weeks from 26 April to 29 October 1999
for a total of 45 and 49 1-year-old shoots for females and
males, respectively. In 2000, to exclude effects of habitat
conditions, measurements were conducted for trees (seven
females and six males) growing along the streamside at the
study site. Two to seven 1-year-old shoots from each tree
were tagged. Investigations were conducted for a total of 32
1-year-old shoots of each sex from 13 April to 7 November
2000. The lifespan of vegetative shoots was defined as the
period from shoot emergence to shoot fall. When vegetative
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shoots survived until the last census, the lifespan was
defined as the period from emergence to the last census
of each year. To evaluate the differences in shoot lifespan
among bud positions (terminal, middle, and proximal) on
1-year-old shoots, the total number of buds on 1-year-old
shoots including three different types of buds (vegetative
shoot buds, reproductive shoot buds, and dormant buds)
were equally divided into three categories according to their
positions. We do not show the data for dormant buds,
because the number of dormant buds was less than 10% of
the total number of buds in both sexes and did not differ
between the sexes.
Growth analysis of current-year shoots
To evaluate the differences between sexes in the potential
ability for resource acquisition by current-year vegetative
shoots, SLA (leaf area per leaf mass, cm2/mg), the nitrogen
content (%N) of the leaves, and LWR (ratio of leaf to total
dry mass, mg/mg) and LAR (leaf area ratio  LWR  SLA,
cm2/mg) of the current-year shoots were measured. Obser-
vations were conducted for four or five shoots chosen from
five trees of each sex inhabiting the streamside. Total num-
bers of current-year shoots observed were 23 and 24 for
females and males, respectively. These current-year shoots
were chosen from those attached at terminal positions of 1-
year-old shoots, to avoid the effect of mutual shading. For
all the leaves of all the current-year shoots observed, length
(L) and width (W) were measured. Leaf area (LA) was also
measured for nine leaves sampled from each current-year
shoot of each sex, using an image scanner and the software
package NIH Image 1.62 for Macintosh. Leaf areas of other
leaves were estimated by using the following equations;
females: LA  1.53  0.66(L  W), R2  0.83, males: LA 
1.02  0.66(L  W), R2  0.93. Total leaf area (LAtotal) of a
current-year shoot was calculated as the sum of the areas of
all leaves of the current-year shoot. For each current-year
shoot, the total dry weight of the leaves (Ldw), the dry
weight of the stem (Sdw), and the length and the diameter at
the base of the stem were determined. SLA, LWR, and
LAR of current-year shoots were calculated as LAtotal/Ldw,
Ldw/(Ldw  Sdw) and LAtotal/(Ldw  Sdw), respectively. Leaf
nitrogen content (%N) of the leaves of current-year shoots
was determined by analysis with the Kjeldahl method for all
the current-year shoots sampled.
Statistical analysis
Statistical analyses were carried out using the computer
software package JMP. The spatial segregation was defined
as statistical differences between the sexes in the distance
from nearest channel and in the ground height from the
nearest channel surface. The differences were evaluated
using one-way analysis of variance (ANOVA). Because
large trees can utilize the groundwater in a deeper layer
by using well-developed taproots (Dawson and Ehleringer
1993), tree size could mask the habitat differences between
the sexes. To remove the effect of tree size on habitat differ-
ences, analysis of covariance (ANCOVA) was also per-
formed using DBH as the covariate. An interaction
between the covariate and main effects was tested and
removed by using backward elimination (α  0.10).
Two-way ANOVAs were used to test for the differences
in the total number of current-year shoots (including veg-
etative and reproductive shoots), the total number of veg-
etative shoots that emerged, were shed, and survived, the
total number of reproductive shoots per 1-year-old shoot,
and the lifespan of vegetative shoots as a function of sex
and shoot position in 1999 and 2000. Individual trees were
nested within each sex. Data were ln(x  1)-transformed to
meet the assumptions of the ANOVAs (Bartlett test).
A nested ANOVA was used to test for differences in leaf
nitrogen content (%N), SLA, LWR, and LAR between
females and males. Differences between sexes in length and
diameter of vegetative shoot were evaluated using a one-
way ANOVA.
Results
Spatial segregation between sexes
At this study site, the ratio of females to males was 2.9 :1
(246 females: 85 males), strongly biased towards females.
The mean DBH of females (mean  SE: 9.0  0.3cm,
range: 0.4–25.2cm) was significantly larger than that of
males (6.6  0.5cm, 0.6–23.1 cm) (F  14.5, P  0.0002,
one-way ANOVA).
The mean distance from individual trees to the nearest
channel was significantly less in females (12.5  0.5m) than
in males (16.9  1.4m) (F  13.8, P  0.0002, one-way
ANOVA), although appreciable overlap in their distribu-
tion was also observed, suggesting that females were more
abundant near the channel. The same results were also
obtained when tree size (DBH) was used as a covariate
(Table 1). On the other hand, the mean ground height from
the nearest channel surface did not differ between females
(0.62  0.03m, range 0.24–1.91m) and males (0.68 
0.05m, 0.17–2.04m) when a simple ANOVA was used
(F  1.1, P  0.2875, one-way ANOVA). However, the
difference in the ground height between sexes was margin-
ally significant when DBH was used as a covariate (Table
1). ANCOVA is more suitable for analyses in this case,
Table 1. Summary of ANCOVA tables for effects of sex on distances
to nearest channel and ground height for each female (n  246) and
male (n  85) in Salix sachalinensis in 1999. Tree size (DBH) was used
as a covariate. The interaction between covariate and main effect was
tested and removed using backward elimination (α  0.10)
Source of variation d.f. Distance Ground height
F P F P
Sex 1 9.90 0.0018 3.71 0.0549
DBH 1 5.47 0.0200 17.83 0.0001
Residual 328
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because ground height was positively correlated with DBH
when data were pooled across sexes (R2  0.04, P  0.0001).
These results showed that females were more abundant at
lower ground height compared with males of similar DBH.
Differences in shoot dynamics between sexes
When current-year shoots started to elongate on 26 April,
1999 and 22 April, 2000, the total number of current-year
shoots, including reproductive and vegetative shoots, per
1-year-old shoot, did not differ between the sexes in 1999,
but was slightly greater in females than males in 2000 (see
Table 2, Fig. 1). In both 1999 and 2000, the number of
vegetative shoots per 1-year-old shoot was much greater in
females than males, whereas the number of reproductive
shoots was less in females than in males (Table 2, Fig. 1).
These traits indicate that biomass allocation to vegetative
shoots was greater in females than in males during the early
flowering period.
In 1999 and 2000, both females and males began to shed
their vegetative shoots in mid-May, after shedding most of
the reproductive shoots (Fig. 1). Females shed a greater
number of vegetative shoots than males, resulting in a simi-
lar number of vegetative shoots for each sex at the end
of the growing season (Table 2, Fig. 1). In both sexes, the
number of vegetative shoots and the number of reproduc-
tive shoots were different between the three positions on
1-year-old shoots (Table 2). In both sexes, the number of
vegetative shoots was lowest, but the number of reproduc-
tive shoots was highest, in the middle position in both 1999
Table 2. Summary of mixed ANOVA tables for the total number of reproductive and vegetative shoots; vegetative shoots which emerged, were
shed, and survived; and lifespan (days) of vegetative shoots on 1-year-old shoots of females and males were 45 and 49 in 1999, and 32 and 32 in
2000, respectively. Data were transformed (ln (x  1)) to meet the assumptions of the ANOVAs
Source of d.f. Total number of Number of Number of Number of Number of Lifespan of
variance vegetative and reproductive vegetative vegetative vegetative vegetative
reproductive shoots emerged shoots shoots shed shoots survived shoots
shoots emerged
F P F P F P F P F P F P
1999
Sex 1 0.18 0.6712 14.92 0.0001 12.87 0.0004 17.82 0.0001 2.37 0.1247 7.59 0.0059
Individual [sex] 12 6.39 0.0001 12.56 0.0001 12.12 0.0001 10.64 0.0001 3.91 0.0001 5.62 0.0001
Shoot position 2 37.45 0.0001 106.50 0.0001 28.75 0.0001 26.80 0.0001 82.04 0.0001 34.14 0.0001
Sex  position 2 1.64 0.1964 1.87 0.1569 3.81 0.0234 5.44 0.0048 0.91 0.4050 2.61 0.0734
2000
Sex 1 10.87 0.0012 5.95 0.0157 9.79 0.0021 11.64 0.0008 0.26 0.6126 1.28 0.2599
Individual [sex] 9 8.8 0.0001 5.65 0.0001 7.38 0.0001 8.92 0.0001 1.37 0.2065 2.27 0.0203
Shoot position 2 53.59 0.0001 127.18 0.0001 24.26 0.0001 21.68 0.0001 39.26 0.0001 8.37 0.0003
Sex  position 2 1.82 0.1645 0.68 0.5057 0.30 0.7415 0.06 0.9451 1.10 0.3364 1.04 0.3562
Fig. 1. Seasonal changes in the
mean (SE) number of
vegetative and reproductive
shoots per 1-year shoot in Salix
sachalinensis in a 1999 and b
2000
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and 2000 (Fig. 2a,b). Females usually had a greater number
of vegetative shoots than males (Fig. 2a), but a lower num-
ber of reproductive shoots (Fig. 2b) irrespective of the shoot
positions.
In both sexes, the number of vegetative shoots that sur-
vived was greatest in the terminal position, and least in the
proximal position (Fig. 2a), resulting in significant differ-
ences between the three positions in both the number of
vegetative shoots that were shed and that survived in both
1999 and 2000 (Table 2). In both the proximal and middle
positions, females shed a greater number of vegetative
shoots than males did during the growing season (Fig.
2a), resulting in a shorter lifespan of vegetative shoots
in females than in males in both 1999 and 2000 (Table 2,
Fig. 2c).
Differences between sexes in growth performance of
current-year shoots
In current-year shoots, there was little difference between
sexes for mean length, diameter, and dry weight of the stem,
and for mean dry weight of the leaves (P  0.05, nested
ANOVA). However, leaf nitrogen content (%N), LWR,
and LAR were larger in females than in males (Fig. 3a,b,d),
but little difference was observed for SLA (Fig. 3c).
Discussion
This study revealed that females of Salix sachalinensis were
more abundant at wetter sites in a riparian forest, although
Fig. 2. Comparison between
females (F) and males (M) in a
number of vegetative shoots that
emerged (open) and survived
(shaded) until the end of the
growing season, b number of
reproductive shoots, and c
lifespan of vegetative shoots
(mean  SE) at three different
positions on 1-year-old shoots of
Salix sachalinensis in 1999 and
2000
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several earlier studies of Salix species failed to show a
spatial segregation between sexes (Alliende and Harper
1989; Takehara 1989; but see Dawson and Bliss 1989). It
was previously pointed out by Dawson (1990) that spatial
segregation between sexes can occur when there is a
substantial resource gradient within the habitat of a single
species. In S. sachalinensis the individuals distribute in a
relatively wider range of habitat than the other Salix species
inhabiting the riverside (Niiyama 1990), resulting in spatial
segregation between sexes.
In S. sachalinensis, females produced a greater number
of vegetative shoots but a smaller number of reproductive
shoots than males in the early growing season, although
females shed a greater number of vegetative shoots there-
after. Such a greater biomass allocation to vegetative shoots
of females in the seed-maturing stage could be a mechanism
compensating for their greater reproductive cost. Females
of S. sachalinensis invest much greater biomass in reproduc-
tion for a longer period, from flowering to seed maturation,
whereas males require resources for reproduction only dur-
ing the flowering period. Females often produce a much
greater vegetative structure than do males in the early
reproductive period to enhance the production of mature
seeds and/or vegetative growth (Gross and Soule 1981;
Lovett-Doust and Lovett-Doust 1988; Obeso 1997; Antos
and Allen 1999; Nicotra 1999).
This study revealed that effective resource-acquiring
mechanisms of females were achieved not only by greater
investment in vegetative structure, but also by a shorter
lifespan of current-year shoots, which would enhance
photosynthesis at 1-year-old shoot level. Although both fe-
males and males shed many more current-year vegetative
shoots in the proximal position than in the terminal posi-
tion, the shedding occurred more frequently in females,
resulting in a shorter lifespan for shoots. As the terminal
vegetative shoots elongated, the elongation of proximal
vegetative shoots ceased (leaf emergence), probably due to
being shaded by the terminal shoots. These current-year
shoots in the proximal position also had a greater propor-
tion of older leaves than those in the terminal positions.
Since net photosynthetic rate of a leaf decreases with
age for deciduous broadleaved tree species (Koike 1987;
Kikuzawa 1991; Reich et al. 1992), photosynthetic capacity
of a current-year shoot in the proximal position would likely
decrease much earlier than for one in the terminal position.
For females, therefore, the shorter lifespan of current-year
shoots, particularly those in both middle and proximal posi-
tions, would maintain a high net photosynthetic rate by
always placing new current-year shoots under favorable
light conditions and by reducing respiration losses of older
current-year shoots. As a result, light acquisition would
be more effectively performed for females, consequently
enhancing their seed production. Alternatively, female
shoot shedding can also be promoted by severe competition
among the shoots, because their available resources are
rapidly reduced by self-shading in their crowded canopy.
Fig. 3. Comparisons in a leaf nitrogen
content (%N), b leaf weight ratio (mg mg1,
c specific leaf area (cm2 mg1), and d leaf
area ratio (cm2 mg1) between females (F)
and males (M) of Salix sachalinensis in 1999.
Mean  SE and results (P values) of nested
ANOVA testing effects of sex on each
dependent variable are given. P  0.05
indicates a significant effect
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An empirical study will be needed to clarify the shoot
shedding mechanisms.
In addition to the seasonal dynamics of current-year
shoots, growth analysis of current-year shoots also provides
evidence of greater light acquisition potential for the
females. Greater values of the RGR components (leaf
nitrogen content, LAR, and LWR) in females compared
with those in males evidenced a greater photosynthesis rate,
greater efficiency of light interception, and greater biomass
allocation to photosynthetic tissue in females (e.g., Poorter
and Remkes 1990; Reich et al. 1991). In females, compensa-
tion for greater reproductive cost is also attributable to the
superior physiological and morphological traits of their
current-year shoots. However, we did not investigate the
growth performance of current-year shoots throughout the
growing season. Further study is needed to verify whether
current-year shoots of females have a greater potential for
resource acquisition even in the reproductive period, and to
what extent the production of shoots of females contributes
to their reproductive effort.
In riparian forests, it is well known that substantial
changes in environmental conditions (e.g., water availabil-
ity) occur from riverside through floodplain to foothills
and that low ground and/or places near the river channel
usually show wetter edaphic conditions with greater water
availability for plants (Johnson et al. 1976; Dionigi et al.
1985). In S. sachalinensis, females, having a greater propor-
tion of vegetative shoots with highly concentrated nitrogen
in the leaves compared to males, would require a much
greater amount of water than males to maintain higher
photosynthetic rates, because a higher photosynthesis
rate is closely associated with higher stomatal conductance
(Mooney and Ehleringer 1997), which is assured by greater
water availability. Thus, a greater potential ability for
photosynthesis in the shoots would be exhibited in wetter
habitats. Consequently, females rather than males, would
tend to inhabit wetter sites, although we need to consider
the process of spatial segregation between the sexes. These
results suggest that differences in the shoot functions
between sexes are closely related to the spatial segregation
of the sexes, and that such a close relationship allows
females to compensate for the greater reproductive costs
they incur. Although Dawson and Ehleringer (1993) have
also demonstrated the close relationship between gender-
specific physiological traits and spatial segregation between
the sexes, this study confirms the phenomenon from
the point of view of gender-specific shoot structure and
functions.
In contrast to the greater production of vegetative shoots
by females, males produced many more reproductive shoots
than females. This phenomenon is consistent with that
found in many previous studies (e.g., Gross and Soule 1981;
Lovett-Doust and Lovett-Doust 1988; Nicotra 1999). For
males, greater investment in flowering tissues has been be-
lieved to increase their reproductive success, because these
flowers not only produce many pollen grains but also attract
pollinating insects (Sih and Baltus 1987). In S. sachalinensis,
mainly due to the fact that males and females respond
and/or perform differently across the environment, spatial
segregation and different resource acquisition behavior be-
tween the sexes would develop.
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